Background: Although cigarette smoking has consistently been shown to be positively related to the risk of adenomatous polyp development (benign neoplastic growth of epithelial tissue in the colon), most studies of cigarette smoking and the risk of colorectal cancer have been negative. However, in two large prospective studies in women and men, a statistically significant association between cigarette smoking and an increased risk of colorectal cancer was found, but only after more than 35 years of smoking. Purpose: To shed further light on the alleged relationship between long-term smoking and colorectal cancer risk, we performed a retrospective cohort study among Swedish construction workers, with many long-term smokers, complete long-term follow-up, and a large number of observed cases. Methods: We analyzed the association of smoking with colon cancer and with rectal cancer, using data on a cohort of approximately 135 000 male construction workers. High-quality exposure information was collected with the use of a comprehensive questionnaire filled out at the time of enrollment in the cohort, from 1971 through 1975. Complete follow-up was achieved through 1991 and the subjects were observed for an average of 17.6 years, thereby contributing approximately 2 375 000 person-years of follow-up. We calculated age-adjusted rate ratios (RRs) with the use of Poisson-based multiplicative multivariate models followed by further multivariate modeling that adjusted for other variables. Results: A total of 713 incident colon cancers and
While the role of smoking in the etiology of colon cancer is still unclear, cigarette smoking has consistently been shown to be positively related to the risk of adenomatous polyp development (/-13) and polyp recurrence after polypectomy {14). Smoking cigars {15-18) and pipes {19) is reportedly more common in case patients with colon cancer than in control subjects. Most studies {10. 13, [15] [16] [17] [18] of cigarette smoking and risk of developing colorectal cancer, however, have been negative. In an update of the prospective mortality study among male British doctors, Doll et al. {54) found no association between smoking and colon cancer, whereas the risk of rectal cancer was statistically significantly increased among smokers. Interestingly, in two large prospective studies {11,12) in women and men, respectively, cigarette smoking was found to be statistically significantly associated with increased risk of colorectal cancer, but only after more than 35 years of smoking. In these studies, smoking for fewer than 20 years was associated only with increased risk of small adenomas. The importance of longterm follow-up was also confirmed in an analysis done 26 years after establishment of a cohort of U.S. veterans {55), where significant 20% and 40% excess risks of colon and rectal cancer mortality, respectively, were observed among cigarette smokers. On the other hand, case-control studies, which typically investigate lifetime exposure to tobacco smoke, have been negative {55), with only one exception {19). The reasons for the discrepancies in the literature are unclear. To shed further light on the alleged relationship between long-term smoking and colorectal cancer risk, we performed a retrospective cohort study among Swedish construction workers, with many longterm smokers, complete long-term follow-up, and a large number of observed cases.
Materials and Methods

Setting
The Construction Industry's Organization for Working Environment, Safety and Health provided outpatient medical services to construction workers all over Sweden from 1969 through 1992 (5637). The organization was a joint venture launched by the relevant trade unions and the Swedish Construction Employers' Association. The basic units were stationary or mobile clinics, typically staffed by a few nurses and a physician. The main activity was preventive health checkups, offered to all blue-collar and white-collar workers in the building industry through regular (every second year during the first years, every third year thereafter) persona) invita-tions and through visits to or advertisements at virtually all major building sites. Beginning with visits in 1971, data from these health checkups were compiled in a computerized central registry.
The Cohort
We considered 135 049 males who were first registered during the period 1971 through 1975. Fifty-one individuals were known to have had colon cancer before entry and were thus excluded. Another 13 employees were excluded because of inconsistencies revealed in the analyses (death date or date of emigration before entry in the cohort), leaving 134 985 subjects for the final analyses. Their distribution by age at start of follow-up is shown in Table I . In the analyses of rectal cancer risk we excluded 27 individuals with rectal cancer prior to entry in the cohort (and the 13 with inconsistent data). Thus. 135 009 subjects were included in these analyses. The study was approved by the regional ethics committees of Umea and Uppsala.
Exposure Information
On average, each cohort member underwent three health checkups. In this analysis, however, we used only information obtained at the index visit from 1971 through 1975. Before each visit, the worker filled out a comprehensive questionnaire with approximately 200 items pertaining to certain defined exposures, such as silica dust, man-made mineral fibers (glass fiberi and mineral wool), asbestos, etc.: a detailed smoking history; and a medical history including respiratory, cardiovascular, gastrointestinal, urogenital, neurologic, musculoskelelal, and systemic diseases and symptoms. Upon the worker's arrival at the clinic, his answers were double-checked by a nurse together with the employee to protect against misunderstandings and inconsistent answers.
Information on marital status, a detailed occupational code (with almost 200 categories within the building industry), and measured height and weight were included in each record. For each occupational category, measurements or estimations of 30 defined exposures had been carried out (among other things, measurements of mean and maximal pulse rate during work in 10-50 representative members of each category). Thus, from the occupational code, inferences could be made about an individual's work-related physical activity, exposure to asbestos and diesel exhausts, etc.
Exposure duration was defined as the length of time that an individual was exposed at the time of entry in the cohort in 1971 through 1975.
Follow-up
Major efforts were made to ensure that the national registration numbers, unique personal identifiers assigned to all Swedish residents, were complete and valid. The proportion with incorrect national registration numbers was less than 1 in 1000. The national registration numbers were used for follow-up through record linkage to the national Death Registry, Migration Registry, and Cancer Registry, which are more than 98% complete (58) . The Cancer Registry, founded in 1958, has coded malignant neoplasms according to the International Classification of Diseases, 7th Revision (ICD-7) 
Quality of Exposure Data
We explored the quality of exposure data through internal comparisons. We especially examined data on height and smoking. Information on height at first visit was missing for 170 (0.1%) individuals. On average, each individual had three measurements. For 79% of the cohort members with more than one measurement, the difference between the highest and the lowest value was I cm or less, and in 98.5%, the difference was 4 cm or less.
Inconsistencies in the reports of smoking led to missing data on smoking duration in 894 current (1.3%) and 379 previous (1.4%) smokers. We also compared the first and second answers regarding smoking status in those who had been questioned more than once (typically. 2-3 years apart). Perfect concordance was found in 89%. Inconsistencies (e.g., people who indicated that they were current or former smokers in the first questionnaire and who asserted that they had never smoked in the second questionnaire) were found in 2.6%.
Statistical Analyses
Colon and rectal cancer risk is highly age dependent. Therefore, the age distribution in different exposure categories was analyzed first. In a further analytic step, the number of cases and person-years experienced was computed within 12 age intervals (<30, [30] [31] [32] [33] [34] 75-79, and £80 years) for each category of the exposure variables studied. These data were then used to obtain age-adjusted rate ratios (RRs) with the use of a Poisson-based simple multiplicative multivariate model with age and the relevant exposure variable as explanatory variables (59) . This modeling was based on the assumption that the number of cases followed a Poisson distribution. The models were estimated by the maximum likelihood method (59) On the basis of the results thus obtained, further multivariate modeling was then performed. The SAS (SAS Institute. Inc., Cary, NC) GENMOD procedure (60) was used in these analyses.
Results
Colon Cancer
A total of 713 men developed colon cancer during follow-up through 1991. Thus, the overall incidence was 30.0 x 10~5 per year. The age-adjusted RRs for smoking-related variables are shown in Table 2 . Point estimates for never smokers, ex-smokers, and current smokers were virtually identical. We found no substantial positive association between the number of cigarettes smoked and the risk of colon cancer. If anything, the dose-response curve tended to be Ushaped. There was a nonsignificant elevation in RR among heavy smokers of pipes and cigars, however, without any doserisk trend (P -.57 and .39, respectively).
The age-adjusted RRs by duration of smoking are shown in Table 3 . Although there was a tendency toward a U-shaped relationship between duration and risk, the findings did not support our hypothesis of a clear positive association after long-term smoking. Even among heavy smokers for more than 30 years at start of follow-up there was no substantial increase in risk (age-adjusted RR among smokers overall was 1.03, 95% confidence interval [Cl] -0.85-1.25; among smokers of one to 14 cigarettes per day, it was 0.97, 95% CI = 0.74-1.28; and among smokers of 15 or more cigarettes Because of missing data on number of cigars per day. we excluded three men contributing 55 person-years but no incident cancer from the analyses of colon and rectal cancer risk.
§Because of missing data on grams of pipe tobacco per week, we excluded 26 men contributing 402 person-years and one colon cancer from the analysis of colon cancer risk and 26 men contributing 417 person-years but no rectal cancer from the analysis of rectal cancer risk per day, it was 1.12, 95% CI = 0.74-1.68, with nonsmokers as reference).
We considered body mass index (BMI), height, normal and maximal pulse rate during work (as a measure of physical activity), marital status, and asbestos exposure as possible confounders. There was a significant effect of BMI (RR = 1.45, 95% CI = 1.14-1.83 among those with BMI >26.2-the highest quartileversus those with BMI <22.1-the lowest quartile, as reference); however, no other factor showed any significant association with colon cancer risk in age-adjusted analyses. Therefore, except for age, BMI was the only nonsmoking factor that was entered in the final multivariate models, where the effects of number of cigarettes smoked and number of years smoking (divided into categories to allow for possible nonlinear effects on risk) were investigated. After adjustment for BMI, the RRs remained virtually unaltered (maximum difference at any exposure level was *Refers to the analysis of colon cancer. For the analysis of rectal cancer, the numbers were very similar. tBecause of missing data on smoking duration among previous smokers, we excluded 379 men contributing 6589 person-years and two colon cancers from the analysis of colon cancer risk and 378 men contributing 6593 person-years and one rectal cancer from the analysis of rectal cancer risk.
Because of missing data on smoking duration among current smokers, we excluded 894 men contributing 15 147 person-years and five colon cancers from the analysis of colon cancer risk and 894 men contributing 15 154 person-years and five rectal cancers from the analysis of rectal cancer risk. <5%; data not shown). We repeated the analyses for right-sided (ICD-7: 153.0, 153.1, and 153.4) and left-sided (ICD-7: 153.2 and 153.3) colon cancers separately, but the results were practically the same for both sites (data not shown).
Rectal Cancer
We observed 505 new cases of rectal cancer during follow-up of the cohort, corresponding to an incidence of 21 x 10~5 per year. The age-adjusted RRs for smoking status and the amount of cigarettes, cigars, and pipes smoked, respectively, are given in Table 2 . In opposition to the findings regarding colon cancer risk, we found an approximately 20% higher risk-albeit not statistically significantof rectal cancer in smokers compared with nonsmokers. There were no important differences in age-adjusted RRs between current and previous smokers, and there were no clear trends with the number of cigarettes or cigars. The risk was significantly increased in the pipe-smoking category, with the second highest tobacco consumption, leading to a significant (P = .03) trend toward higher risk among heavy smokers. We observed a Ushaped duration-response relationship with a nonsignificant (P = .10) trend toward higher risk with increasing smoking duration among current smokers but not among ex-smokers (Table 3) . The RR among current smokers for more than 30 years at start of follow-up was 1.21 (95% CI = 0.96-1.53), relative to nonsmokers.
In age-adjusted analyses, we found no effect of BMI, height, physical activity, and marital status on risk of rectal cancer.
Discussion
Our results indicate that there is no link between cigarette smoking-even heavy smoking of long duration-and colorectal cancer in male Swedish construction workers. Our findings contradict the intriguing results from the U.S. Health Professionals Follow-up Study (72) and the Nurses' Health Study (77), which showed that smoking for 35 years or more increased the risk of developing colorectal cancer in a dose-dependent manner. Although the main analyses in these studies combined colonic and rectal cancers, the strongest association in women was with rectal cancer (in fact, the association was statistically significant for rectal cancer only), while the strongest association in men was with colon cancer. Our results regarding colon cancer agree with the findings after 40 years' observation on male British doctors {54), where no association was noted with colon cancer mortality. The excess risk of rectal cancer among smoking British doctors, noted already after 20 years of follow-up (67), was to some extent confirmed in our study, where we noted a statistically nonsignificant tendency toward increasing risk with increasing smoking duration among current smokers.
Of the 13 402 current smokers who fell in the duration category "31 years or more" in our study, 11 734 had smoked 35 years or more, and 7194 had smoked 40 years or more at the time of entry in the cohort. Therefore, our negative results are unlikely to be explained by observation of insufficient numbers of long-term smokers. Also, the high number of observed cases in the category of smokers for more than 30 years (172 colon and 128 rectal cancers) ensured stable point estimates. Although the possibility of type II error cannot be entirely ruled out, the number of observed cancers in our study was more than 60% larger than in the British doctor's study, almost twice as large as in the Nurses' Health Study, and more than three times as large as in the Health Professionals Follow-up Study. Assuming a threshold effect of latency, i.e., that only those with a smoking duration of more than 30 years were at increased risk, the statistical power of our study to detect an RR of 2 among smokers with more than 30 years since onset (with a = 0.05, two-tailed test) was more than 99%.
Other strengths of this study include careful data collection, with a combination of self-administered questionnaires and face-to-face interviews by qualified nurses. The high quality of the smoking data is illustrated by the low proportion of inconsistent answers. Also, since exposure information was collected prior to the diagnosis, any errors of recall should have been nondifferential. Furthermore, zealous checks of national registration numbers ensured almost complete followup, for an average of 17.6 years. Thus, misclassification of outcome could not possibly have led to more than a marginal underestimation of any associations.
One of the major weaknesses of our study is the limited information on factors with known associations with colon cancer risk-factors that could potentially confound an association between smoking and colorectal cancer. Although the database contained information on height, weight, marital status, workplace physical activity, and asbestos exposure, there were no data on family history and diet, including fruits, vegetables, fiber, meat, protein, and fat. The relative homogeneity of the cohort with respect to socioeconomic status, lifestyle, and probably diet lessens this problem somewhat: in the Nurses' Health Study, controlling for BMI, physical activity, dietary factors, and alcohol intake only slightly attenuated the association between smoking and risk of adenoma (//). In their analyses of colorectal cancer, the investigators adjusted only for age, BMI, and smoking within the past 35 years. In the Health Professionals Follow-up Study (72), with similar occupational homogeneity, adjustment for alcohol consumption, intake of total and saturated fat, fiber, folate, and family history attenuated the associations only slightly, while intake of vitamins A, C, D, and E and calcium, amount of physical activity, and aspirin use did not confound the association. Furthermore, among factors known to be associated with colorectal cancer, there is no one that could plausibly negatively confound the association between cigarette smoking and colorectal cancer to the extent that a true excess risk is totally canceled.
The absence of effect by workplace physical activity in our study is somewhat surprising but may be mainly due to the occupational homogeneity, with a limited range of exposure, in combination with insufficient resolution by the measurement scale; in fact, 72% and 78% of the observations regarding normal and maximal pulse rate, respectively, fell within one scale step. Thus, our data do not refute an association between colorectal cancer and low physical activity.
The literature concerning smoking and large-bowel adenomas is consistentthere is an unequivocal positive association {1 -14) . If adenomas are truly intermediate steps in colorectal carcinogenesis and if tobacco smoke is an initiator of adenoma development, then smoking should be associated with colorectal cancer with a latency that amounts to the sum of the latency for polyp development and the time required for malignant transformation of the polyp, which could take several decades. Therefore, the recent U.S. data seemed biologically plausible. However, data on smoking and polyps are prone to ascertainment bias, since polyps may remain undetected throughout life. In particular, confounding by indication for endoscopy remains a viable possibility. In the Nurses' Health and Health Professionals Follow-up Studies {11,12), the adenoma analyses were restricted to individuals who had undergone endoscopy to avoid such bias. There is, however, yet another possibility of ascertainment bias: as nicotine stimulates colon motility (62), the cleaning procedure prior to colonoscopy may be more effective among smokers, leading to a higher sensitivity in the detection of small polyps. Admittedly, this is unlikely to account for the association reported for large adenomas (11, 12) , but because of the aforementioned methodologic problems, epidemiologic studies of polyps are generally less reliable than studies of colorectal cancer.
Since our results conform with the overwhelming evidence in the literature against an association of smoking with colon cancer, we conclude that smoking is not conducive to carcinogenesis in the colon. The contradictory results from recent cohort studies are likely to be artifactual. Why smoking is related to adenoma development in most studies but not to cancer remains an enigma. One possibility is that adenomas are heterogeneous and that smoking is associated only with a nonpremalignant variety (65) . Another, admittedly speculative, possibility is that an "anti-promotor" effect counteracts the proneoplastic action of smoking. Since smoking has an antiestrogenic effect (64) and estrogens inhibit colonic motility while nicotine stimulates it (62), the colonic mucosa in smokers may be exposed to luminal carcinogens for a shorter time than the mucosa in nonsmokers. This hypothesis reconciles the possible differential effects of smoking on cancer risk in the colon and rectum (11, 54) , since fecal storage in the rectum is mainly governed by voluntary mechanisms and is thus less influenced by nicotine or estrogens. It would also explain why cigar and pipe smoking, with greater production and swallowing of compounds such as arylamines (65) that may outweigh the protective component, seem to be consistently associated with colorectal cancer, while cigarette smoking is not.
In conclusion, our cohort study with elaborate collection of smoking data, long follow-up, almost complete ascertainment of incident cancers, and a larger number of observed colorectal cancers than in most prospective studies, did not show any excess risk of colon cancer in male, long-term heavy smokers and provided only weak support for an association with rectal cancer. The reasons for the discrepancies in comparison with recent U.S. data are yet to be identified.
